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INTRODUCTION
The development of the chemistry of organa-chromium
compounds was initiated by Hein 1 and co-workers. They were
the first to isolate an organa-chromium species but unfortunately did not characterize it. 2 • 3 Before this time, it had
been observed that the presence of chromium(II) salts would
reduce acetylene to ethylene. 4 And when aryl-magnesium
halides and chromium(III) chloride were allowed to interact
in diethyl ether, biaryls were produced. 5 However, these
early experimenters did not isolate or even postulate organachromium species as intermediates.
Zeiss and Sneedon, 27 with their co-workers, were the
first to succeed in isolating and characterizing both w and
a-bonded organo-chromium(III) compounds.
initiated in the late 1950's.

Their work was

The first sigma-bonded penta-

aquo-organo-chromium(III) compound was reported in 1957 by
Anet and Leblanc. 6 This was the pentaaquobenzylchromium(III)
ion.

The present interest in organa-transition metal chem-

istry, which can be dated back to the discovery of Ferrocene
in 1951, has centered mainly on compounds or complexes which
contain w-bonded olefins, acetylenes, and cyclopentadienyls,
and in which the other ligands usually include carbon monoxide or phosphines and the metal has a relatively low
valency and often an unusual configuration.

By contrast,

the pentaaquo-organo-chromium(III) complexes contain sigmabonded carbanions, the metal has a relatively high valency,
and the complex a fairly regular stereochemistry (octahedral).

2

These are, of course, the properties which enable them to be
treated as coordination complexes.

The development of

pentaaquo-organo-chromium(III) chemistry has therefore extended knowledge of organometallic compounds containing
sigma-bonded organic groups and is complementary to the more
traditional work on n-bonded ligands.
Pentaaquo-organo-chromium(III) compounds can be synthesised by a number of methods.

The method used in this study
is a modification of the one used by Anet and Leblanc 6 and
involves a two step reaction involving aqueous acidic
chromium(!!) and organic halides.
RX + Cr(II)

~

R0 + Cr(II)

____,.

This method has allowed researchers to isolate many other
pentaaquo-organo-chromium(III) species. 7 • 8 • 9 • 10 Isolation
of intermediates which are relatively inert is generally
achieved by ion exchange techniques, eluting complexes from
the columns with 1.0 M ionic strength solutions (see Experimental).
Before 1976, sigma-bonded organa-chromium species containing an sp 2 hybridized carbon were generated from arylmagnesium halides in tetrahydrofuran (THF) 11 , and contained
three organic ligands.

3

With variations in the solvent used, the THF ligands could
be substituted.

But, no organo-chromium(III) species containing both aquo ligands and with sp 2 hybridized carbons of

attachment were known to exist.
If lability of complex is correlated against electron
density about the carbon of attachment for the existing
pentaaquo-organo-chromium(III) complexes it is found that the
greater the number of electron withdrawing groups on the carbon of attachment, and the lower the electron density of the
carbon atom, the less labile the complex.
+2
(H 20) 5 crcH 2c 6H5 ) (H 2o) 5 CrCH 2 Cl
lability
+2
+2
(H 20) 5crcH 3
(H 20) 5crCF 3
Using this observation and applying it to sp 2 hybridized car-

>

bon, a benzene compound containing a large number of strong
electron withdrawing groups, or another compound which has
the carbon of attachment in a position with low electron
density would be predicted to be kinetically inert.
4-bromopyridine hydrochloride is a compound which has a
relatively high formal charge on the 4 carbon.

Molecular

orbital calculations on pyridine show a +0.18 charge on the
4 position, a +0.15 charge on the 2 position, and a +0.05
charge on the 3 position with the nitrogen holding a -0.59
charge. 12 And in aqueous acidic solutions, an added +1
charge would be distributed throughout the aromatic ring of
the resulting pyridinium ion, thus increasing all charges.
Benzene would show all carbons being identical having
relative charges of zero each on the scale used for pyridine.

I'
I

4

As a result of these considerations, an attempt at the
formation of pentaaquo-4-pyridylchromium(III) ion ensued.
Information in the following sections will show success in
this attempt.

5

EXPERIMENTAL
Reagents
4-bromopyridine hydrochloride (Pfaltz and Bauer) was
used without further purification, as were perchloric acid
(70%, Mallinckrot), N,N dimethylformamide (Baker), chromium
metal (Fischer), sodium carbonate, sodium hydroxide, 30%
hydrogen peroxide, potassium bromide, sulfuric acid, phosphorus pentoxide, acetone (Baker) and mercuric nitrate (suppliers are noted if known.).

All water used was initially

deionized by passage through anion, cation and mixed resin
bed deionizing columns, then distilled from an all glass
still (Belco Glass Inc., Model 220).
Argon (industrial grade, Union Carbide) 99.997% or
nitrogen (dry grade, Union Carbide) was passed through a
heated copper(I) oxide catalyst (BASF, R3-ll) tube (1.5-1.8
meters) to remove any oxygen impurity, then through a bubbler containing concentrated sulfuric acid to remove organic
impurities, a trap containing grandular phosphorus pentoxide
to remove any residual water, then a trap containing sodium
hydroxide pellets to neutralize any sulfuric acid aerosol.
The cation exchange resins used were Dowex SOW-XB 100200 mesh and Dowex 50W-X2 50-100 mesh in the hydrogen ion
form (Bio-Rad).

The resins were regenerated by making a

slurry with water, adjusting the pH with 0.1 M NaOH and 0.1 M
HCl to pH 10, adding 30% hydrogen peroxide (lml to 20ml resin),
then heating the mixture in a steam bath for an hour to decompose H2o2 •

The resin was then washed with deionized water

6

and converted back to the hydrogen ion form by adding 6N
hydrochloric acid.

The resin was transferred to a 600ml

sintered glass funnel with a five gallon bubbler attached.
Deionized water was continually passed through the resin at
a rate of five gallons per day until the resin was ready to
be used.

Before use, the resin was further cleaned by pass-

ing distilled water through it until the absorbance, using a
lcm cell, measured at 210 nm was les·s than 0.1 absorbance
unit.
UV-Vis spectra were taken on freshly prepared solutions
using a Cary Model 14, a Varian 635 or a Colman Model EPS-3T
spectrometer.

Infrared spectra were run on a Perkin-Elmer

Model 337 in the region 4000-400 cm-l and a Perkin-Elmer
Model 457 in the region 400-250 cm- 1 . Proton Nuclear Magnetic Resonance spectra were done using a JOEL-JNM MiNiMaR100 Hz spectrometer.

Analyses and kinetic runs using the

visible and ultra violet regions were carried out on a
Gilford-modified Beckman DU spectrophotometer.

Lauda NBD

and YSI (Yellow Springs Instruments) Model 71 water baths
were used for kinetic runs.

Temperature control was within

0.05°C, as determined using a Beckman thermometer.
Preparation of Solutions
Chromium(II) Perchlorate 13
A 0.3 M solution of perchloric acid in a 250 ml volumetric flask was deaerated with argon or nitrogen for two hours.
A teflon needle was used because chromium(II) solutions

7

prepared using a metal needle to deaerate decomposed rapidly. 14

A piece of chromium metal, approximately 0.8 em in diameter,
was cleaned with 6 M hydrochloric acid to remove the oxide
coating.

The piece of metal was rinsed with water and then

immediately placed in the deaerated perchloric acid.

The

container was sealed with a rubber septum and secured with
nickle-chromium wire.

When the pressure in the flask had in-

creased, a stainless steel needle attached to a teflon tube
connected to another needle submerged in mineral oil was inserted through the septum thereby allowing hydrogen to escape
while keeping air from entering the flask.

The solution was

sky blue (Amax-760nm) upon completion of the reaction and was
stored in the reaction flask under argon.
Pentaaquo-4-pyridylchromium(III) Perchlorate

A reaction vessel was first dried, 13.3 ml (0.192 mole)
of N,N dimethylformamide(DMF) and l.Og (8.6xl0- 3 mole) of
4-bromopyridine hydrochloride (only slightly soluble in DMF)
were added and the solution deaerated for 30 minutes under
argon.

Then 15 ml of chromium(!!) perchlorate solution was

added.

The single phase reaction mixture was allowed to

stand at room temperature for S-9 days.

The brownish-orange

pentaaquo-4-pyridylchromium(III) complex was separated from
the reaction mixture on a cation exchange column prepared as
previously mentioned.

Dowex SOW-XS 200-400 mesh and Dowex

SOW-Xl 50-100 mesh showed high background absorbance at
ZlOnm and Dowex SOW-X2 100-200 mesh required twice the
eluate to rinse all DMF from the column, therefore, these

I

8

columns were not used to isolate the complex.

The column was

rinsed with 0.1 M perchloric acid (-4 liters at 25°C and 1.5
liters per day) until the absorption measured at 210 nm was
less than 0.1 absorbance units per centimeter.

DMF has a
3
A
max at 204 nm with an absorption coefficient of 8.68xlo M-l
cm-l (figure 1). Low absorption at 210 nm was taken as evidence that solvent DMF from the reaction mixture had been
removed.
solutions.

The complexes were eluted with 1.0 M ionic strength
The pentaaquo-4-pyridylchromium(III) complex was

generally the first complex eluted, although occasionally
green pentaaquobromochromium(III) ion preceded it due to its
rapid aquation and the time allowed for complex to form.
After the pentaaquo-4-pyridylchromium(III) complex a large
band containing more than one (blue to purple) complex
+3
(Cr(OH 2) +3
6 , or Cr(OH 2) 5 _xDMFx) was observed. This band
eluted in 1.0 M ionic strength solutions. Finally, a dark

green band remained which often contained a yellow complex.
The dark green complex could be eluted with limited success
with 6 M HCl, whereas the yellow complex could not be eluted
with 12 M HCl.
It is possible that the yellow complex that could not
be eluted was a polymeric form of the complex with high
charge. The dimeric aquo complex 15 is often very difficult
to remove from the column.
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If the yellow species contains two chromium atoms and one
pyridine, its structure would be higher charged (+4 to +5)
and should be harder to remove than the aquo dimer.

The yellow color indicated a band in the high energy visible
region possibly around 380 nm.
vestigation.

This may be worth further in-

Several times a faint blue band with charge

plus two appeared before the red complex.

The visible spec-

trum of this blue complex showed a slight shift from the red
complex (5 nm).

A few times, more than one red band appeared

which was attributed to bad loading of the column, but was
not reproducible.

The multitude of products from this prep-

aratory method is interesting, and the mechanism appears to
be complex.
Sodium Perchlorate
In approximately two liters of water, lOOOg of anhydrous
sodium carbonate was dissolved.

70% perchloric acid was

11

added until the solution tested neutral on a pH meter.
solutions as prepared were approximately 4 molar.

The

To stan-

dardize the solutions, an aliquot was placed on a cation
exchange column in the hydrogen ion form and rinsed with
water until the eluent was neutral (checked with Hydrion
paper).

The water was collected and titrated with standardized sodium hydroxide. 16

1.0

~

Ionic Strength Solutions

The 1.0 M ionic strength solutions were used to elute
the complexes from the column.

These 1.0 M ionic strength

solutions in various hydrogen ion concentrations were pre~ared

by dilution from standardized stock solutions of

approximately 4 M sodium perchlorate and s.M perchloric
acid.

Solutions prepared with hydrogen ion concentrations

below 0.1 M were check with a pH meter.
4-pyridylmercury(II) Chloride
4-pyridylmercury(II) chloride was prepared by a method
similar to that described by Dodd and Johnson for other
mercurials from organochromium complexes. 8 Excess mercury(!!)
nitrate was added to a reaction mixture containing DMF,
4-bromopyridine hydrochloride, pentaaquo-4-pyridylchromium(III)
ion in 0.3 M perchloric acid.

A color change from brownish-

orange to blue-purple took place upon mixing.

Then a satu-

rated solution of sodium chloride was added until no further
precipitation of mercury(!!) chloride, or 4-pyridylmercury(II)
chloride was observed.

The precipitate was then filtered

through a sintered glass funnel fitted with a 14/20 joint and
extension (figure 2), and washed with two five milliliter
portions of water.

The funnel was then attached to a 100 ml

schlenk tube and the precipitate air dried.

Approximately

25 ml of acetone was heated to boiling and allowed to pass
through the funnel by gravity so that the maximum amount of
precipitate was dissolved per milliliter of acetone.

Boil-

ing chips were then placed in the acetone solution to facilitate a controlled boil, and the funnel was replaced by a
glass stopper.

The acetone was then removed by evaporation

(asperator pressure).

This was repeated twice more and the
resulting white solid was dried for two days at 2.5xlo- 3 mm
Hg and 25°C.
Analyses
Chromium(III)
Chromium(!!!) complexes were oxidized to the chromate
ion, and the chromate ion concentrations determined spectrophotometrically. A 1-10 ml aliquot of 10- 3 M complex was
placed in a test tube and sodium hydroxide pellets (·3)
added until the solution tested basic (pH 14).

After cool-

ing, the solution was transferred quantitatively to a volumetric flask and diluted to volume.

Using the absorbance

reading at 372 nm and the molar absorptivity value of
4815 M-l cm- 1 , the chromium concentration was calculated. 17

13

FIGURE 2

VACUUM

APPARATUS USED FOR FILTERING
4-PYRIDYLMERCURY(II) CHLORIDE

14
N,N dimethylformamide
There were no suitable DMF analysis in the literature
and one had to be developed.

The amount of DMF present was

determined by passing an aliquot through a cation exchange
column which had been washed with water until the absorbance
of the eluate at 210 nm was less than 0.1 absorbance unit
per centimeter.

The aliquot was then diluted to volume

through the column to make the final DMF concentration
-10- 4 ~. the dilution being at least ten fold. The background bleed was again determined and the absorbance due to
DMF taken to be the difference between the final background
bleed and that of the diluted aliquot.

This relationship

was found to be linear for all solutions where the concentration at analysis was -10- 4 M.
A(DMF)

= A(aliquot) - A(background)

If complex was to be analysed for DMF the absorbance
due to DMF was further altered by subtracting the background
bleed just before removal of the complex divided by the
dilution factor ((final volume) divided by (milliliters of
aliquot)).
A(DMF)

= A(aliquot) - A(background) - A(beforeDremoval)

The molar absorptivity of DMF at 210 nm was 8.68±.08xl0 3 M-l
cm-l as determined by a Beer-Lambert plot (figure 3).

This

method was found to be good to one percent by comparison
with solutions prepared from reagent grade (Baker Analysed)

r
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DMF.

The DMF solutions must be in the range 10- 4 to 10-S

molar when analysed to have the absorbance change less than
3.0 absorbance units.
Most of the published techniques for DMF analysis involve the initial formation of a complex or the digestion of
samples and analysis of nitrogen (mostly from inaccessable
Russian journals).

The above technique was developed to

avoid interference by complexation with chromium(III) and
also because of its ease and quickness.
Pyridine
The presence of the

~/

group can be established by

addition of zinc metal (5 grains) to one drop of complex or
acid solution containing amine, followed by addition of one
drop 5% copper(II) sulfate s·olution and enough ammonia to
turn the solution blue.

One drop of a solution containing

75% benzene to 25% carbon disulfide is then added.

The

result is a brown organic layer if \~/ is present and a clear
organic layer if not present. 26 This test involves initial
hydrogenation across the 1,-2 positions of the pyridine ring
followed by the formation of a carbamate using the resulting
secondary amine.
The only suitable means of analysis of pyridine in the
conditions of aquated samples was by gas chromatography.
Gas chromatography packing materials were prepared by dissolving the stationary phase in a minimum amount of the
appropriate solvent (see table 1), then supersaturating the
solvent by evaporation with a rotory evaporator and asperator

ll

TABLE 1

Columns

Solvent

Upper limits

10% SE 30
on 100/120 mesh
chromo sorb G-AW-DMCS

CHC1 3

300°C

5% Triton X-100 and
5% KOH on 100/120
mesh chromosorb
G-AW-DMCS

CH 30H

190

20% Carbowax 20M on
60/80 mesh chromosorb
p

CHC1 3

225

Comments

5% KOH
neutralizes
acid

~

Molecular Sieve 13-X
80/100 mesh
Molecular Sieve SA
42/60 mesh

used as a
precolumn
for SE 30

Porapak Q 50/80 mesh

200

Retention
time 2 days
at 150°C

Porapak T 50/80 mesh

200

similar to
Porapak Q

-

18

pressure.

The solid support was then introduced, and

evaporated to dryness overnight.

Several columns used did

not have stationary phases, or were commercial preparations,
these were packed directly-Molecular Sieve SA, Molecular
Sieve 13-X, and Porapak T.

The correct weight percent sta-

tionary phase was obtained by the formula
Weight %
stationary phase

=

(%loading)x(wt of solid support)
(100- %loading)

The columns (eighth inch aluminum unless otherwise indicated)
were prepared by packing glass wool into one end of the
column and testing at 100 lbs/in 2 pressure. Stationary
phase on solid support was then introduced into the column
at 60 lbs/in 2 by using a column packer, vibrators and shakers to insure even packing. The column was then allowed to
stand at 60 lbs/in 2 for about 30 minutes (added insurance of
consistant packing).

The pressure was released and the

column removed from the packer, about two inches of packing
material was removed from the open end of the column and
glass wool packed by hand into the end.

Columns were pre-

treated by heating at close to upper limits (see table 1),
overnight.
Kinetics
Dissociation of the pentaaquo-4-pyridylchromium(III) ion
was studied in the presence and the absence of oxygen and required 24 hours to go to completion in a water bath maintained at 90.0± O.Ol°C.

An all glass reaction vessel was used

(figure 4) because erratic results were noted when rubber

19

SAMPLE OUT

ARGON IN

FIGURE 4
REACTION VESSEL FOR
AQUATION COMPLEX

I

20
septum capped reaction vessels were used.
The wavelengths 350, 393, and 410 nm were chosen for
following kinetics of aquation of pentaaquo-4-pyridyl-chromium(III) ion, because these gave maximum absorbance changes
for the pH range used.
General Kinetic Procedure
Approximately 100 ml of the complex solution was placed
in a reaction vessel (figure 4) and deaerated for two hours
if the kinetics were to be done in the absence of oxygen.
If done in the presence of oxygen, the solution was flushed
with oxygen gas for 30 minutes.

The vessel was placed in a

water bath and allowed to reach the specified temperature.
The cells were filled using the upper stopcock of the reaction vessel (the temperature rise was sufficient to insure
enough pressure to drive the solution out of the reaction
vessel at 90°C).

The cell was cooled by running tap water

over it until it reached room temperature.

During this time

the complex in the tip of the reaction vessel was allowed to
flow back into the reaction vessel by opening the lower stopcock, and reopening the upper stopcock.

For kinetics exper-

iments in the absence of oxygen, the solution was forced
back into the reaction vessel using nitrogen and the vessel
was then flushed for 30 seconds.

At the time the sample was

taken the time was noted, and absorbance readings were taken
at the chosen wavelengths.

As the reaction progressed,

aliquots were taken, noting the time.

The reaction was

followed to infinity; infinity being defined as ten times the
first half-life.

The data (time and absorbance) were fed

into a computer program, "RATECONSTANT"* a linear least
squares regression.

The program calculated the rate constants

and their standard deviations.

*Program

"RATECONSTANT" is in the Appendix, page 59.

22
RESULTS and DISCUSSION
Characterization of Pentaaquo-4-pyridylchromium(III) ion
It was observed that the complex could only be formed
when DMF was present.

In a completely aqueous solution it

did not appear that the chromium(II) reacted at all.

In

aqueous acetone a reaction appeared to happen very slowly
but evidently the aquation rate (if complex is formed) was on
the same order as the formation rate. These were the only
solvent systems tried. Kopple 18 has reported that ammoniacal
solutions of chromium(II) are better in reducing organic
compounds than aqueous solutions. In a qualitative observation, it has also been reported 19 that Cr(en); 2 is a better
reducing agent than Cr(OH )~ 2 . Also Castro 20 has success-

2

fully used DMF-H 2o mixed solvents in his studies of chromium(II) as a reducing agent for organic halides. It is uncertain whether these effects are thermodynamic (increasing
the emf of the Crii/Criii couple) or kinetic.

This point is

interesting but was not of prime concern in this study.
UV-Vis spectra of the pentaaquo-4-pyridylchromium(III)
ion were run in 1.0 M ionic strength solutions with hydrogen
ion concentrations of 1.0 M, 0.1 M and 10- 5 M. Figure 5
shows plots of molar absorptivities (M-l cm- 1 ) vs wavelength
as calculated from spectra obtained on a Cary Model 14 spectrometer.

Absorbance maxima of DMF free samples appear at
390.5 nm (E=l30 M-l cm- 1 ), 498.5 nm (E=51 M-l cm- 1 ) and a
shoulder at 248 nm (E=ll97 M-l cm- 1 ) for 1.0 M hydrogen ion
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FIGURE 5b ULTRAVIOLET REGION
ELECTRONIC SPECTRUM OF
PENTAAQU0-4-PYRIDYLCHROMIUM(III) COMPLEX
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FIGURE Sc VISIBLE REGION
ELECTRONIC SPECTRA OF
PENTAAQU0-4-PYRIDYLCHROMIUM(III)
COMPLEX AT O.lM HYDROGEN ION
GONG PLOT OF ARBITRARY UNITS VS
WAVELENGTH
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solutions.

At 0.1

Mhydrogen

ion concentrations the maxima

were shifted to 384 and 495 nm, at pH 5 the maxima were
shifted further to 350 and 525 nm.
obtained.

These were the best data

Other analysed samples, two of which were also

DMF free, showed absorbance maxima at 393 and 502 nm with
molar absorptivities lower than the reported samples.

The

lower molar absorptivities were attributed to partial aquation and all products (hexaaquochromium(III) ion and possibly pentaaquo-N-pyridinechromium(III) ion) have lower molar
absorptivities than the pentaaquo-4-pyridylchromium(III) ion.
From the behavior of the pentaaquo-4-pyridylchromium(III)
ion on cation exchange columns and its similarities in separation characteristics with other organochromium species,
it is concluded that the complex exhibits an overall charge
of plus two.

It is generally the first complex to be eluted

and must be removed with 1.0 M ionic strength solutions.
A chromium-carbon sigma bond was proposed for the pentaaquo-4-pyridylchromium(III) complex because other work has
repeatedly shown that in an octrahedral complex containing a
chromium-carbon bond an absorbance maxima appears in the
region of 380 nm with molar absorptivities in the range
100-400 M-l cm- 1 . 21 A shift in UV-Vis spectra for the complex between 1.0 M and 10-S M hydrogen ion solutions indicated that the nitrogen in the pyridine ring was free to
exchange hydrogen ions.

The change in spectra can be attrib-

uted to the change of electron density on the carbon bound
to chromium.

In high hydrogen ion solutions the nitrogen was
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protonated (pKb for free pyridine is 8.64.

The pKb of the

complex cannot be determined easily due to rapid decomposition at pH 7 and higher.).

When theN is protonated the

electron density at the 4 carbon is lower than in the free
pyridine.

·-0·-0~·-0·-0
When the proton is removed the electron density about the
number 4 carbon becomes greater.

In the lowest hydrogen ion solutions pyridine shows the aromatic characteristics of benzene more than in the highest
hydrogen ion cases.

This chang.e in average or overall elec-

tron density should account for the spectral changes.

If

the pyridine were nitrogen bound instead of carbon bound the
spectral change would be expected to be similar to that of
hexaaquochromium(III) ion and pentaaquo-N-pyridinechromium
(III) ion.

These data suggest that the complex is the

pentaaquo-4-pyridylchromium(III) ion.
The rapid decomposition of the complex in the presence
of mercury(II) nitrate further indicated the presence of a
chromium-carbon bond. 8 The reaction of a complex containing
a chromium-carbon bond with mercury(!!) ion results in displacement of the chromium(III) by mercury(!!).

This is a

well-studied reaction and is good evidence for the Cr-C sigma
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bond.

In all cases that have been studied, the position of

attachment to the organic moiety has been retained during
this displacement reaction. 22 The NMR spectrum of the resulting mercurial compound run in hot acetone (figure 6)
shows an AABB pattern (two doublets) which indicates that
the four position on the pyridine is substituted.

Compari-

son of the NMR spectra of the mercurial and 4-bromopyridine
show that both have the characteristic AABB pattern, although
the 4-bromopyridine is more deshielded than the 4-pyridylmercury(II) chloride.

This difference in shielding is expected

with mercury withdrawing electrons from the pyridine ring to
a smaller extent than bromine.

Since blanks with 4-bromo-

pyridine and mercury(!!) nitrate did not produce a compound
similar to that of the mercurial investigated, it is coneluded that the compound is 4-pyridylmercury(II) chloride.
The infrared spectrum of the solid 4-pyridylmercury(II)
chloride was shown in figures 7 and 8.

A mercury-carbon bond
was expected to absorb in the region (400-250 cm- 1 ) 23 but
pyridine also absorbs at 361 cm- 1 , and DMF which may also be
present, absorbs at 360, 348, 343, and 315 cm- 1 . 23

Hence,

the infrared spectrum does not have a peak which is easily
identifiable as due to a mercury-carbon bond.
In comparisons of the infrared spectra for 4-pyridyl·
mercury(!!) chloride and N,Z,3 and 4 substituted pyridines
(figures 9-12) it was found that exact wavelengths for the
mercurial do not match any wavelengths of the substituted
pyridines in the region between 1200-600 cm- 1 . The absorbance
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FIGURE 6b 4-PYRIDYLMERCURY(II) CHLORIDE
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FIGURE ?a
4-PYRIDYLMERCURY(II) CHLORIDE
IN KBr MATRIX
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FIGURE 9a
DI-N-PYRIDINEMERCURY(II)
IN KBr MATRIX
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4-BROMOPYRIDINE HYDROCHLORIDE
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FIGURE 12b
2-BROMOPYRIDINE( neat)
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bands in the infrared of the mercurial were very sharp
suggesting that the mercurial was relatively pure.

A direct

comparison between 4-bromopyridine hydrochloride and the
4-pyridylmercury(II) chloride was expected since both belong
to the same symmetry group (Czv)' but this was not the case.
The carbon-hydrogen stretches for 4-bromopyridine hydrochloride and 4-pyridylmercury(II) chloride should be at the
same wavelength.

Due to the absorbance of the N-H group on

4-bromopyridine hydrochloride and a broad band (possibly due
to absorption of water and/or DMF) in the mercurial around
3200 cm- 1 , positive identification of bands in this region
was not possible.
The 4-pyridylmercury(II) chloride complex has not been
reported in the literature, but 2 and 3 pyridylmercury(II)
chlorides have. 24 The conditions under which these complexes
were made were stringent compared with those used in this
investigation.

The 2- and 3-mercurio compounds were made by

refluxing mercury(II) salts with pyridine, with the resulting mercurial chloride complexes having boiling points of
275 and 280°C respectively.

The complex observed in this in-

vestigation decomposed (turned dark) in hot acetone solutions
at 80°C and at 55°C as a dry solid.

The temperatures at

which the 4-pyridylmercury(II) chloride complex decomposed
would indicate that it could not be made under the conditions
required for the formation of the 2 and 3 pyridylmercury(II)
chloride complexes.

--------------

------·~··-····-""
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The inherent instability of the 4 substituted pyridine
compounds (including the 4-pyridylmercury(II) chloride complex) is evident from the ease of polymerization of 4-bromopyridine.

In acidic or basic conditions 4-bromopyridine is
polymerized to the resulting highly charged polymer: 25
•

+)C

X
Instability is also evident from the very versatile insecticide "Paraquat" which very easily breaks the bond between the
four positions of the rings forming very stable N-substituted
radicals.

u,c-E)

0-cu,

>

·G-c~

The stability of these cation-radicals is accounted for by
the ability of the pyridine molecule to distribute its positive charge throughout the molecule.

H·O· "•-0· &•·0·-.•·0·
The stability of this radical in part accounts for the instability of 4-substituted pyridine compounds, with any
group that tends to form stable radicals showing a tendency
to decompose.

Bromine as well as mercury(!!) can do this,

forming [Br·], bromine radical, and mercury(!).

However,

the pentaaquo-4-pyridylchromium(III) ion is kinetically

r

....

- - - - - - - ----- --

I
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inert.

The potential for chromium(!!!) accepting an electron

to form chromium(!!) is unfavorable (E 0 = -0.42v).
In working with the mercurial, it was found that it
could not be completely isolated from DMF.

It was also

found that a mercurial containing only DMF as its organic
component could be isolated, and the presence of innersphere
DMF in the organo-mercurial could also account for the evidence of DMF in NMR and Infrared spectra.
Products of Aquation
Numerous types of analyses of organic aquation products
were attempted, NMR of concentrated solutions, functional
group analysis, extraction and subsequent concentration
then NMR, and gas chromatography.

Assuming that, the aqua-

tion products could only be 4-hydroxypyridine, pyridine and
possibly 4,4' bipyridyl, with functional group analysis confirming the presence of the

N group (see experimental),
the problem did not appear complex. 26 It appeared the NMR

should eliminate or confirm all but one of the possibilities.

The NMR results from samples concentrated using

rotory evaporation in HBF 4 instead of HC10 4 as well as samples from preparatory gas chromatography showed only water
spectra and nothing close to a pyridine compound.*

As a

result, the only useful method found was retention time comparison data on flame ionization detecting gas chromatography.
*A white solid containing no organic material was consistantly observed in rotory evaporation samples containing HBF 4 •
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The columns which showed separation of pyridine and
4-hydroxypyridine were the Triton X-100 and the SE-30
columns which due to decomposition by HC10 4 deteriorated
within eight hours of use. When 1.0 ~ HC10 4 is introduced
into the Triton X-100 or SE-30 columns a rise in the baseline occurs that does not decrease over a five minute period.
The chromatographs observed for pyridine and complex in
1.0

~

HC10 4 also showed the initial rise in baseline, but the

response due to pyridine and complex were uneffected by the
baseline change.

Evidently perchloric acid increases the

amount of background material coming through the detector.
On the Triton X-100 column the retention time for pyridine was 0.6 minutes and 0.4 minutes for 4-hydroxypyridine
in 1.0

~

perchloric acid, and two peaks were observed with

mixtures of pyridine and 4-hydroxypyridine if the concentrations were approximately the same,

Aquation samples

showed only one peak with the same retention time as pyridine.

On the other column (SE-30), the difference in

appearance of pyridine and 4-hydroxypyridine in 1.0 M perchloric acid were completely different (figure 13).

That of

the aquated sample resembled pyridine very closely (with the
exception of a small initial reproducible peak, possibly due
to trace amounts of DMF).

Therefore, it is concluded that

pyridine is an aquation product in the presence of oxygen
and that 4-hydroxypyridine may or may not be present, but if
present, is not in sufficient quantity to be seen in the gas
chromatographs.

~

,-
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FIGURE 13a
GAS CHROMATOGRAM
4-HYDROXYPYRIDINE
ON 10% SE-30 INJECTION PORT 100°C
COLUMN 90°C, DETECTOR OVEN 230°C
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FIGURE 13b
GAS CHROMATOGRAMS
PYRIDINE AND COMPLEX
ON 10% SE-30 INJECTION PORT 100°C
COLUMN 90°C, DETECTOR OVEN 230°C
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In experiments to determine if chromium(II) was present
in aquation mixtures (in the absence of oxygen), all observations were negative.

No absorbance changes during kinetic

runs were observed in the 760 nm region of the visible where
chromium(II) normally absorbs.

When aquation of the penta-

aquo-4-pyridylchromium(III) ion were carried out in the
presence of Co(NH ) 5Cl+Z ion the pentaamminechlorocobalt(III)
3
ion (a potential chlorine radical donor to chromium(III) ion)
aquated faster than the pentaaquo-4-pyridylchromium(III) complex.

This attempt should have indicated chromium(II), if a

cobalt(II) complex had been observed.

The rate of aquation

for the cobalt complex was about 90 times faster than the
chromium complex.

As a result, before even half of the

chromium complex had aquated, all of the cobalt complex had
aqua ted.
When spectra of complex aquated in the absence of
oxygen, spectra of this sample when exposed to air and spectra of another aliquot (same origin) purged with chlorine
gas are compared, very little change has occurred.

In the

case of purging with chlorine gas, a chlorine charge transfer band does obscure the maxima in the 390 nm region.

As a

result of these experiments, chromium(II) is not considered
an aquation product.
Kinetics
In a preliminary investigation of the kinetics of aquation of pentaaquo-4-pyridylchromium(III) perchlorate, it was

~,@J.,!il..¥.-4. - - - ·
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found that kinetic experiments were first order or psuedofirst order under the conditions of:

presence of oxygen, low

complex concentrations, no DMF, and hydrogen ion concentrations of 0.1

~and

greater, in 1.0

~ionic

strength solutions.

Kinetics at high complex concentrations in the absence of
oxygen showed very strange behavior (figure 16).

The absor-

bance went down slowly at first, then began going down more
rapidly, leveling off (reaching an apparent infinity) at an
absorbance very much higher than that in the presence of
oxygen for identical samples.

The absorbance seemed to reach

a minimum then began to rise at a rate that appeared to be
zeroth order (constant absorbance increase with respect to
time).
However, repetitive spectra were run during aquation of
samples in the absence of oxygen, and in the presence of
oxygen (figures 14 and 15).

The spectra in the absence of

oxygen showed an isobestic point at -565 nm, whereas in the
presence of oxygen, no isobestic point was observed.

There-

fore, it was concluded that the kinetic problem had to be
looked into in great detail because of its complexity.
Personal communications with Espenson and Hyde have
shown that they were able to infer from observations with a
stopped-flow apparatus the existence of a benzene chromium
complex (pentaaquobenzenechromium(III) ion).

This was the

first compound containing a chromium-carbon bond and aquo
ligands in which the carbon was sp 2 hybridized. The lifetime of this complex was very short and was only observed in

- - - - - - - · -······-

·--
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FIGURE 14
SPECTRA DURING DEC.
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FIGURE 15
SPECTRA DURING DEC.
IN THE ABSENCE OF OXYGEN
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FIGURE 16
PLOT OF
-Ln(AbsT-Abs
vs Time
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the stopped-flow.

This is consistant with the rapid hydrolysis of compounds like Cr(C 6H5) 3 (THF) 3 . 11 In contrast, the
pentaaquo-4-pyridylchromium(III) ion was very inert with
respect to aquation and in fact appeared to be the most inert
pentaaquo-organo-chromium(III) species yet reported.
The product of the aqueous aquation of the (H 2o) 5CrC 6H+2
5
ion was benzene. A reasonable mechanism for this reaction
involves an electrophilic addition of a proton to the benzene
from a solvent water molecule.

This solvent-assisted mechanism has been suggested by Schmidt,
Swinehart and Taube, 10 in a study of the aquation of organochromium(III) compounds in which the ligands were simple
anions derived from simple alcohols and ethers.

In any case,

it is unlikely that a free carbanion can be generated in such
a protic media as 1.0 M HCl0 4 .

However, in order for such a

mechanism to be operating in the aquation of pentaaquo-4-pyridylchromium(III) ion, a partial positive charge would have
to be placed on a nitrogen that already has a positive charge.

This pathway then would not be favored for the aquation of
pentaaquo-4-pyridylchromium(III) ion, and offers a reasonable
kinetic explanation for the large difference in the rates of
aquation of the phenyl and 4-pyridylchromium(III) complexes.
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The statement of Espenson and Hyde indicating that the bond
in Cr-C 6H5 complexes is particularly weaker, does not seem
justified at this time.
Summary
In this investigation, it has been found that the UVVis spectra of the pentaaquo-4-pyridylchromium(III) ion was
similar to that of other aquo-organo-chromium(III) species.
The UV-Vis spectrum shifts to higher energy with a decrease
in hydrogen ion concentration.

A very rapid reaction occurs

with mercury(!!) and the complex and the resulting mercury(II)
complex (4-pyridylmercury(II) chloride) shows NMR spectra
indicative of a 4-substituted pyridine and Infrared spectra
indicate the presence of a pyridyl group.
Aquation of the pentaaquo-4-pyridylchromium(III) ion
in the presence of oxygen has yielded insight into the
kinetic inertness of the complex.

Gas chromatography of

aquated mixtures has suggested that pyridine is an organic
aquation product.

All methods to detect chromium(II) as a

product have failed, therefore, a chromium(III) species was
considered the inorganic aquation product.

Kinetic aqua-

tion experiments (in the presence of oxygen) have shown the
pentaaquo-4-pyridylchromium(III) complex to be very inert.
But, preliminary kinetic results have shown the rate law to
be complex in the absence of oxygen.

In the presence of

oxygen, the rate law appears to be inversely dependent upon
acid concentration.

Finally, a very important consideration,
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complicating all \vork with the complex, was that kinetics
tend to be irreproducible if DMF was present, in either the
inner or outer solvation sphere.

This necessitates extreme

care in preparation and analysis of this complex.

-·-··

___ ______ _

,
-------- - - - -
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APPENDIX
Program "RATECONSTANT"
10

REM LINES 4110-4120 CONTAIN A ROUNDING OFF ALGORITHM

20

REM

FOR THE SLOPE,B(2,2), AND ESD OF SLOPE,D2.

30

REM

R PETERS, 7/23/75

100

DIM X(20,2),Y(20,2),L(20,2),A(2,20),H(20,2),G(2,20)

200

DIM D(2 ,2) ,C(2,2) ,E(2,2) ,B(2,2)

300

DIM F(2,2), T(2,Z) ,U(2,2)

400

DIM Z(20,2), M(20)

500

PRINT "HOW MAN'l OBSERVATIONS ARE THERE"

600

INPUT N

601

PRINT"FOR VARIABLE INFINITY INITIAL INFINITY SHOULD BE HIGH"

602

02-0

610

PRINT "ENTER INF PT"

611

INPUT 0

612

DS=O

613

PRINT "ENTER INCREMENT FOR INF PT"

614

INPUT 01

700

FOR K=1 TO N

BOO

LET X(K,1) = 1.0

900

NEXT K

1000

PRINT " GIVE THE DATA IN PAIRS"

1100

PRINT " TIME IN FIRST"

1200

PRINT " ABSORBANCE SECOND"

1300

FOR I = 1 TO N

1400

PRINT"#";!

1500

INPUT X(I,2),Y(I,2)

1510

NEXT I
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1520

PRINT

1530

PRINT 11 TIME

1540

FOR I = 1 TO N

1550

PRINT X(I,2); Y(I,2); L(I,2)

1560

NEXT I

1590

FOR I=1 TO N

1600

L(I,2) = LOG(Y(I,2) - 0)

11

ECHO CHECK OF DATA"
ABS

LOG (ABS- INF) 11

1605

A1=INT(ABS(LOG(ABS(L(I,2))))/2.3027+4)

1610

B9=10**A1

1620

L(I,2)=INT(L(I,2)*B9)/B9

1700

NEXT I

2300

MAT A = TRN(X)

2400

MAT C = A*X

2500

MAT D = INV(C)

2600

MAT E= A*L

2700

MAT B = D*E

2800

MAT H = X*B

2900

MAT F = TRN (B)

3000

MAT G = TRN(L)

3100

LET Z = 0.0

3200

FOR J = 1 TO N

3300

Z = Z + L(J,2)

3400

NEXT J

3500

12 = Z*Z/N

3600

MAT T = F*E

3700

MAT U = G*L

3800

S2 = (U(2,2)-T(2,2))/(N-2)

3900

R2 = (T(2,2)-L2)/(U(2,2)-L2)
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4000

D1 = SQR(D(1,1)*S2)

4001

D2= SQR(D(2,2)*S2)

4002

PRINT"ESD OF SLOPE=",D2, "FOR INFINITY =" ,0

4010

IF D5=0 GOT04090

4015

IF D5>D2 GOT04090

4020

IF 02-1 GOT04110

4030

02=1

4035

0=0+01

4040

GOTO 1590

4090

D5=D2

4094

0=0-01

4095

GOTO 1590

4110

N7=INT(-LOG(ABS(B(2,2)))/2.3027)+5

4111

N8=10tN7

4113

B(2,2)=+INT(B(2,2)*N8)/N8

4120

D2=INT(D2*N8)/N8

4130

B(1,2)=INT(B(1,2)*1000)/1000

4140

D1=INT(D1*1000)/1000

4200

PRINT "SLOPE = ", B(2, 2); "ESD OF SLOPE = ", D2

4300

PRINT "Y-INTERCEPT = ", B(1,2); "ESD OF Y-INT = ", D1
PRINT"Y IN
YCAL
DIFFERENCE"

4400
4410

PRINT "INFINITY",O

4500

FOR I = 1 TO N

4600

Z(I,2)=L(I,2)-H(I,2)

4610

Z(I,2)=INT(Z(I,2)*1000)/1000

4620

H(I,2)=INT(H(I,2)*1000)/1000

4650

M(I) =ABS (Z (I, 2))

4660

Q=Q+M(I)

- - - - - - - --- ----------- - - ----- ------ -----

- ----

---- --------- - -- - --
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4700

PRINT L(I,Z); H(I,2)

4800

NEXT I

4820

P=Q/N

4825

P=INT(P*1000)/1000

4830

PRINT "AVE DEV = "; P

4850

S2=INT(S2*100000/100000

4860

R2=INT(R2*100000/100000

4900

PRINT "S

5000

END

Z(I,2)

SQUARED = ";52; "R SQUARED = "; R2

--- ------- -

